Objective: Examine the association of cognitive reserve (CR) factors (estimated premorbid intelligence quotient [IQ], years of education, and occupational attainment) and traumatic brain injury (TBI) severity with functional and neuropsychological outcomes 1 to 5 years following TBI. Participants: Patients with mild (N = 58), moderate (N = 25), or severe (N = 17) TBI. Main Measures: Cognitive reserve factors (estimated premorbid IQ, years of education, and occupational attainment); neuropsychological test battery; Glasgow Outcome Scale-Extended; Short Form-36 Health Survey. Analyses: Spearman-Brown correlations, linear regression models, and analyses of covariance were used to analyze the relation between CR factors and outcome measures. Results: Analyses revealed significant relations between estimated premorbid IQ and neuropsychological outcomes (P < .004): California Verbal Learning Test, Wechsler Adult Intelligence Scale-Fourth Edition working memory, Booklet Category Test, Trail Making Test B, and Grooved Pegboard Test. There was also a significant correlation between estimated premorbid IQ and Wechsler Adult Intelligence Scale-Fourth Edition processing speed. Years of education had significant relations with California Verbal Learning Test and Wechsler Adult Intelligence Scale-Fourth Edition working memory and processing speed scores. There were significant differences between TBI severity groups and performance on the Trail Making Test A, Grooved Pegboard Test, and Finger Tapping Test. Conclusions: Cognitive reserve factors may be associated with outcomes following TBI. Additional alternatives to TBI severity are needed to help guide rehabilitative planning postinjury.
R
ECENT literature has shown that current traumatic brain injury (TBI) severity classifications may not be the best predictors of long-term postinjury functional and neuropsychological outcomes. [1] [2] [3] Some patients with mild head injuries experience postconcus-E29 attainment, and participation in cognitively stimulating activities. 5 Numerous studies have shown support for the protective role of CR factors on neuropsychological and behavioral outcomes in Alzheimer disease, 6 stroke, 7 Parkinson disease, 8 and multiple sclerosis, 9 as well as in normal aging. 10 In addition, several reports have demonstrated that patients with a TBI who have greater CR experience better postinjury recovery. [11] [12] [13] Evidence suggests that the risk of developing disorders such as Parkinson disease, Alzheimer disease, and seizures is elevated for individuals who have sustained a TBI. [14] [15] [16] This relation between TBI and comorbid neurological disorders, as well as the beneficial role seemingly played by CR in mitigating deficits among neurological conditions, warrants further investigation into the impact of CR factors on post-TBI outcomes. Increasing support has been shown for factors of CR influencing post-TBI functional and neuropsychological outcomes. 3, 11, 12 However, few studies have conducted a broad evaluation of outcomes in neuropsychological functioning, instead focusing primarily on learning, memory, and executive function. 3, 17, 18 Relatively few studies have examined the role of CR in preservation of day-to-day functional abilities or its impact on mental and physical health outcomes. 13 Moreover, although the factors of CR have been well-defined, the vast majority of studies of CR in TBI continue to use a single measure (eg, years of education) to represent the larger concept of CR, rather than examining the relative contributions of various components. 3, 12 The present study sought to address these gaps in the literature by investigating the relation between CR factors (estimated premorbid IQ, years of education, occupational attainment) and postinjury functional and neuropsychological outcomes following adult TBI. We hypothesized that greater estimated premorbid IQ, years of education, and occupational attainment would be positively correlated with functional and neuropsychological outcomes following injury. We were also interested in the degree to which TBI severity was related to functional and neuropsychological outcomes, and we hypothesized that TBI severity would not be significantly associated with recovery postinjury.
MATERIALS AND METHODS

Participants
Participant data in the study were drawn from a larger data set from an ongoing 5-year longitudinal study of TBI that began in 2011 and continued through 2016. The objective of the longitudinal study was to collect magnetic resonance imaging (MRI), biomarker, and neuropsychological measures to better understand factors influencing diagnosis and prognosis of TBI. 19 These individuals were classified as having sustained a nonpenetrating mild, moderate, or severe TBI as defined by the Department of Veterans Affairs and Department of Defense TBI severity rating scale. 20 The scale stratifies patients according to the presence of structural acute computed tomographic findings, Glasgow Coma Scale score, and duration of loss of consciousness, alteration of mental state, and posttraumatic amnesia.
Participants were selected for the current study if they had available data 1 year postinjury or later and had valid neuropsychological testing. For those seen at multiple time points, data from the most recent assessment were used. Extensive validity and effort testing was performed, and only subjects who passed all stand-alone and embedded validity measures were included.
There were 28 participants who were unemployed at the time of injury and were excluded from occupational attainment analyses; therefore, analyses examining occupational attainment were conducted on 72 participants.
Measures
Factors of CR
The Wechsler Advanced Clinical Solutions Test of Premorbid Function (ToPF) was used to generate an estimate of participant premorbid IQ. Years of education was collected during a demographic interview and was used to measure educational attainment. A vocational history interview was also conducted by a licensed vocational therapist to determine occupational attainment. Occupational attainment was categorized using participants' preinjury occupation according to the 2010 Standard Occupational Classification System by the Bureau of Labor Statistics, where 1 represents professional/managerial occupations, 2 represents skilled occupations, and 3 represents unskilled/manual labor occupations.
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Neuropsychological outcome measures
A comprehensive battery of neuropsychological tests was administered by a trained psychometrist. Information on specific assessments is shown in Table 1 . The Beck Depression Inventory was used as a measure for depression, with a score of greater than 16 indicating depression.
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Functional outcome measures
The Glasgow Outcome Scale-Extended was administered to participants to evaluate the level of recovery of function in activities of daily living following injury. The Short Form-36 Health Survey (SF-36), a selfreport measure, was administered to gather information about participants' ratings of physical and mental health outcomes. Physical Component (SF-36 P) and Mental Component (SF-36 M) summary scores were generated on the basis of participant responses.
Imaging pathology identification
Structural brain images were obtained using a Siemens Biograph MR 3T scanner (Siemens Healthineers, Erlangen, Germany). Radiology reports from a board-certified neuroradiologist were analyzed to identify patients with evidence of frontal or temporal lobe damage, including encephalomalacia, contusions, and hemorrhage. As the frontotemporal injury findings were assessed using MRI reports, unlike the TBI severity classification that uses computed tomographic scans, there are patients with positive MRI findings in the mild group.
Statistical analysis
Two-tailed Spearman-Brown correlations were calculated to examine relations between estimated premorbid IQ, years of education, occupational attainment, TBI severity, age, time since injury, depression, and cognitive and functional outcome measures. These correlations were calculated on the entire cohort, on a subset with MRI evidence of damage to frontotemporal brain regions, and on the rest of the cohort without frontotemporal injury MRI findings. The correlations were also calculated on the subset of the sample that sustained a severe TBI.
Relations between study outcomes and estimated premorbid IQ and occupational attainment for the entire cohort were assessed using linear regression models that included age, TBI severity, and years of education as covariates. Partial correlations were determined to examine the relation between Beck Depression Inventory scores and outcome measures, with age, time since injury, and TBI severity as covariates.
Analyses of covariance (ANCOVAs) were used to examine the relation between occupational attainment and cognitive and functional outcomes as well as between TBI severity and these outcomes. Age, time since injury, and depression were used as covariates. Traumatic brain injury severity was used as an additional covariate in the occupational attainment analysis. The relation between TBI severity and cognitive outcomes in the subset of participants with frontotemporal damage was also analyzed using ANCOVA, with age, time since injury, and depression as covariates. Finally, the outcomes of the group with frontotemporal damage and the rest of the cohort were compared using ANCOVAs with age, time since injury, ToPF scores, and depression as covariates.
To control for the overall type I error rate, theŠidák correction was used to set the significance for all analyses at P < .004.
RESULTS
The sample included 100 total participants (63 male). See Table 2 for participant demographics.
The results show significant positive Spearman correlations between both estimated premorbid IQ and years of education with performance on several neuropsychological assessments (see Table 3 , entire cohort [N = 100]). Similarly, linear regression models revealed significant relations between both ToPF scores and years of education and scores on neuropsychological tests (see Table 4 ). Furthermore, ANCOVAs revealed no differences in neuropsychological outcomes between occupational attainment levels in the entire cohort. No significant findings were identified between occupational attainment, time since injury, or injury severity variables and neuropsychological outcomes in either the Spearman correlations or the linear regression models. There were no significant relations observed between any of the CR factors and functional outcome measures.
Analyses of covariance revealed that TBI severity was significantly associated with Finger Tapping Test (FTT)-ND, Grooved Pegboard Test (PEG)-ND, and Trail Making Test A performance (see Table 5 ). The severe group Copyright © 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited. performed significantly worse than the mild group on the FTT-ND (P < .001), PEG-ND (P < .001), and Trail Making Test A (P < .001). Furthermore, the severe group performed significantly worse than the moderate group on the FTT-ND task (P = .001). In a subanalysis of the severe TBI group, Spearman correlations revealed no significant findings between CR factors and outcome measures. There were significant inverse Spearman-Brown and partial correlations between Beck Depression Inventory scores and performance on several neuropsychological measures and all of the functional outcomes (see Table 6 ).
Association of Cognitive Reserve in Chronic-Phase Functional and Neuropsychological Outcomes
Of the 97 subjects who had usable magnetic resonance images, 51 were positive for imaging findings related to TBI. Forty-one (80.4%) participants positive for imaging findings showed evidence of damage to frontotemporal brain regions. In this group, there were 9 persons with mild, 15 with moderate, and 17 with severe injuries.
In the frontotemporal injury group, there were significant positive correlations between occupational attainment and performance on WAIS-IV PS, in addition to significant correlations between both estimated premorbid IQ and years of education and several neuropsychological measures (see Table 3 , frontotemporal damage [n = 41]). Analyses of covariance of TBI severity in the frontotemporal damage group showed that severity was significantly associated with Trail Making Test A performance (see Table 5 ), with the severe group performing significantly worse than the mild group (P = .001). Analyses of the nonfrontotemporal injury group revealed significant positive correlations between ToPF scores and performance on the CVLT and WAIS-IV WM (see Table 3 , nonfrontotemporal damage [n = 59]). In the ANCOVAs comparing outcome measures between frontotemporal damage positive and negative groups, there was a significant group difference for WAIS-IV WM scores (see Table 5 ), with the group with frontotemporal damage showing poorer performance on this measure.
DISCUSSION
Prior studies have shown that individuals with greater CR show some degree of resilience to the impact of injury or neurodegenerative disease, as they can withstand greater levels of pathology before exhibiting outward signs of a given disorder. 23 Our findings support the relation between CR factors and neuropsychological outcomes in patients with TBI, as those with stronger CR fared better than those with lower CR prior to injury.
The findings suggest that the CR factor of estimated premorbid IQ is related to neuropsychological outcomes following TBI. This finding is not unexpected due to the large overlap between general intelligence factor ("g") and many neuropsychological measures. It is likely that "g," associated with crystallized intelligence that is relatively resistant to brain injury, is affecting the ToPF scores. In addition, it is likely that "g" associated with fluid aspects of intelligence is also helping individuals adapt and overcome deficits related to their head injury. Although IQ tests have been found to be more multifactorial than the concept of verbal or performance IQ, "g" is still shared by these factors and provides a good estimate for outcomes. 24 The educational attainment factor was correlated with neuropsychological outcomes, though to a lesser degree than premorbid IQ. This finding is also not unexpected due to the relation between IQ and education.
Occupational attainment did not correlate with neuropsychological or functional outcome scores after TBI. This may be attributable to the fact that the 2010 Standard Occupational Classification System by the US Bureau of Labor Statistics does not differentiate skill level. The system categorizes occupational level such that jobs within a particular field are given equal weight and classified within the same attainment level, instead of being stratified by the level of success attained and skill required in each specific career path. For future studies, a more in-depth classification system is needed that accounts for both job field and skill level in categories of occupational attainment.
In contrast to the neuropsychological findings, functional outcome measures were not related to aspects of Copyright © 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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TABLE 4
Results for linear regression model analysis between CR factors and outcomes CR. This may be due, in part, to the fact that our study participants had a higher average premorbid IQ than the general population (see Table 2 ). As defined by David Wechsler, "Intelligence is the aggregate or global capacity of the individual to act purposefully, to think rationally and to deal effectively with his environment." 24(p3) Individuals with higher estimated premorbid IQ may be more likely to be more adaptable or have better compensatory mechanisms that provide them an advantage in effectively interacting with their environment, despite the burden of neurological damage. The lack of findings between functional outcomes and CR factors may also be due to the fact that participation in cognitively stimulating activities prior to injury, which was not examined in our study, could influence functional outcomes to a greater extent than the analyzed CR factors. Our findings further contribute to the evidence indicating that TBI severity is not the only factor to consider in the prognosis for recovery from TBI. Although TBI severity was associated with a subset of study outcomes, this finding must be interpreted with caution due to the small number of participants who were classified as having sustained severe injuries, while mild and moderate injuries were better represented in our sample. Cognitive reserve factors appeared to have stronger relations with outcomes than did severity in our study.
Depression was highly correlated with neuropsychological and functional outcomes in our study, which replicates the findings of previous studies. [25] [26] [27] Future CR research needs to consider the effects of depression and other psychopathologies, including personality disorders, when examining outcomes after TBI, especially as depression was the only factor in our study that was significantly correlated with functional outcomes.
Considering the pattern of frontotemporal damage that frequently characterizes TBI, these neuropsychological functions are often susceptible to impairment due to their reliance on the frontal and temporal lobe circuit. The damaged structures are parts of larger neural networks, making the exact impact of these injuries difficult to define. Our results support the conclusion that frontotemporal injury is associated with cognitive outcomes. Studies have suggested that individuals with high CR suffering from neurodegeneration may increasingly recruit frontotemporal executive resources to improve neuropsychological function and modulate symptoms of deterioration. 28, 29 Faced with direct frontotemporal damage, these resources may become jeopardized, and greater CR may become more important for providing the compensatory cognitive resources that help overcome deficits due to injury.
Despite the thorough investigation of the association of factors of CR with postinjury outcomes, the present study is not without its limitations. The generalizability of our findings may be limited due to the fact that participants were primarily residents of the greater Washington, District of Columbia, area with an aboveaverage level of education who had persistent post-TBI symptoms and sought out our study. The above-average educational level in our sample may have resulted in less differentiation between levels of educational attainment. We did not have data available on subjects' participation in cognitive rehabilitation postinjury, which may be a confounding factor related to outcomes. Access to treatment may depend on education and/or socioeconomic status. Although not a direct measure, we offer data on the health insurance status of participants as a proxy for the accessibility of rehabilitation. Data were available for 97 participants, and 88.2% reported that they had health insurance, which may have provided access to rehabilitation services (see Table 2 ). Furthermore, the imaging analysis used in this study was an anatomical approach. To achieve a more thorough understanding of CR in TBI, neural networks and connectivity should be studied. While we incorporated a relatively encompassing view of CR, we did not measure premorbid participation in cognitively stimulating activities. This factor should be taken into account in future works to get a more global view of the impact of CR on post-TBI outcomes. In addition, we were not able to measure premorbid emotional reserve, although the growing body of evidence shows that emotional reserve contributes to CR. 27 The use of a much larger sample of a more diverse population with a better method of assessing premorbid psychopathology may be the next step in the process of studying CR in TBI. While this is one of the largest cohorts to study CR in TBI to date, sample size issues remain. The ideal prospective study would collect several measurements prior to TBI including emotional reserve, IQ, and so forth. However, this would be Copyright © 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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CONCLUSION
Together, these findings suggest that alternative factors contributing to neuropsychological outcomes, including factors of CR, may better characterize the trajectory of patient recovery following TBI. Clinicians may be able to use measures of premorbid functioning, such as estimated premorbid IQ, in concert with TBI severity ratings to provide greater insight into prognosis and treatment planning for post-TBI neuropsychological outcomes. The factors of CR examined in this study can be determined following a TBI, and this would allow clinicians to consider these attributes when developing a rehabilitation plan. This information could be used to help determine patient recovery trajectories and design more appropriate rehabilitation plans, based on the level of functioning to which a patient can be expected to return. Studies using diffusion tensor imaging and functional MRI may benefit the study of CR in TBI, as these modalities could reveal the ability of networks to compensate for damage to certain brain regions, which may foster better functioning following TBI.
